Simultaneous quantum state teleportation via the locked entanglement channel 
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We present a simultaneous quantum state teleportation scheme, in which receivers can not recover 
their quantum state separately. When they want to recover their respective quantum state, they 
must perform an unlocking operator together. 
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Quantum entanglement plays an important role in var- 
ious fields of quantum information, such as quantum 
computation, quantum cryptography, quantum telepor- 
tattion and dense coding etc. Quantum teleportation is 
one of the most important applications of quantum en- 
tanglement. In quantum teleportation process, an un- 
known state can be transmitted from a sender Alice to 
a receiver Bob without transmission of carrier of quan- 
tum state. Since Bennett et al [l| presented a quan- 
tum teleportation scheme, there has been great develop- 
ment in theoretical and experimental studies. Now quan- 
tum teleportation has been generalized to many cases 
0, [H, 0, IE IS 0, H, Moreover, quantum teleportation 
has been demonstrated with the polarization photon [To| 
and a single coherence mode of fields jllj in the experi- 
ments. The teleportation of a coherent state correspond- 
ing to continuous variable system was also realized in the 
laboratory [l|. 

In the original proposal, the teleportation of a single 
qubit |0) = a\0) + b\l) is executed as follows: Alice and 
Bob initially share an EPR pair as a quantum channel. 
Alice performs a joint measurement on the composed sys- 
tem (qubit to be teleported and one of the entangled 
pair). She transmits the outcome to Bob through a clas- 
sical channel. Bob applies a corresponding unitary opera- 
tion on his particle of the entangled pair, which is chosen 
in accordance with the outcome of joint measurement. 
The final state of Bob's qubit is completely equivalent to 
the original unknown state. 

If Alice wants to teleport the quantum state \4>i) to 
Bob and teleport \<j>2} to Charlie, obviously two EPR 
pairs are required. One is shared between Alice and 
Bob; the other is shared between Alice and Charlie. 
The quantum state teleportation can be completed by 
Bennett's protocol. But if Bob and Charlie want to re- 
ceive their respective quantum state simultaneously, how 
do they complete the teleportation? In this paper, we 
will present a simultaneous quantum state teleportation 
scheme. In this scheme, the recievers Bob and Charlie 
can synchronously recover the quantum state which Alice 



teleported to them respectively by locking their quantum 
channels. 

To present our scheme clearly, let's first begin with 
simultaneous quantum state teleportation between one 
sender and two receivers. 

The quantum states of two qubits Tj and T 2 to be 
teleported are as follows 



\4n) Tl = ai\0) Tl +A|1)t 1 
|02)t 2 = a2|0) T2 +/?2|1)t 2 



(1) 



Alice wants to teleport |</>i) to Bob and \<p2) to Char- 
lie simultaneously. Suppose that Alice, Bob and Charlie 
share two EPR pairs denoted as 



\EPR)i = ^(\oo)A lB + \n)A lB ), 

\EPR) 2 = ^(\00) A2 c + \11)a 2 c), 



(2) 



where A\ and A 2 belong to Alice, B and C belong to 
Bob and Charlie respectively. Then the quantum state 
of the joint system (qubits to be teleported and two EPR 
pairs) can be written as 

|*) = (aia 2 |00) +ai/3 2 |01) +a 2 /3 1 |10) +/3i/3 2 |11)) Ti t 2 
® |(|0000) + |0101) + |1010) + |1111)) j4i a 2 sc- 

(3) 

The scheme of simultaneous teleportation consists of 
the following five steps. 

(SI) Locking the quantum channels 

In this step of teleportation, Bob and Charlie perform 
a joint unitary transformation 



U BC = 



V2 



10 1 
10 1 
10-1 
10-10 



(4) 
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on the particles B and C . After that, the state of the 
total system becomes 

W) 

= (a ia2 |00) +ai/3 2 |01) +a 2 ^|10) + A/? 2 |ll)) TlT2 
<8> ^(10000) + |0011) + |0101) + |0110) 
+ |1000) - |1011) + |1101) - |1110» AlJ 4 2 sc- 

(5) 



2 



(S2) Performing Bell-basis measurement 

Alice performs a projective measurement on A{T\ and 

one on A2T2 in the Bell-basis {\^> m ),m = 0,1,2,3}, 

where 



|*o) = ^(|Q0) + |H», |* 1 ) = ^(|01) + |10)) J 
|* 2 ) = ^(|00) - |* 3 ) = ^(|01) -|10)). 

Let <7j be one member of the set of rotation matrices 



(6) 



1 

1 



1 

-1 



1 

-1 



} 



(7) 



composed of the identity operator and three Pauli spin 
operators. It is easy to prove that Eq.(5) can be rewritten 
as 

|$') = ^ m ,n\^m)A 1 T 1 \^n)A 2 T 2 UBCOm\4>l)B ® cr„|^> 2 )c- 

After the projective measurement, the state of particles 
B and C collapses into 



|*)SC = UBCVm\0l) B O (y n \(j) 2 )c, 



(9) 



1*0 



which corresponds to the measurement result \^> r 

(53) Transmitting the measurement outcome 

After performing the Bell-basis measurement, Alice 
transmits the outcome of measurement (i.e. m and n) 
to Bob and Charlie. 

(54) Unlocking the quantum state 

According to Eq.(9) the quantum state of particle B 
and C is locked, so Bob and Charlie must " unlock" B and 
C firstly. In order to recover the quantum states which 
are teleported from Alice, Bob and Charlie perform a 
unitary operator U BC on the particles B and C, where 



U 



BC 



1 

71 



10 1 
11 
10 0-1 
1-10 



(10) 



After that the state of particle B and C is transformed 
into 



W)bc 



'1/fl ® er n |0 2 )c = <Tm\<f>l)B <x> <J n \(P2)C- 

(11) 

(S5) Recovering the quantum state 

Bob and Charlie perform a local unitary operator <j m 
and a n on particles B and C respectively, then they will 
obtain \<pi) and |<fe) immediately. 

In the following, we will discuss why we call the step 
(SI) "locking" the quantum channel. It is easy to ver- 
ify that U bc can be realized by a Hadamard operator 
on particle B and a CNOT operator (B is control qubit 
and C is target qubit). Apparently Ubc is a non-local 
operator. Now, is there any entanglement between B 
and C after Bob and Charlie make the unitary opera- 
tor Ubc on them? The answer is negative. To inves- 
tigate the entanglement between B and C, we employ 



the Peres-Horodecki criterion [13j, ll4j for two qubits that 
their density operator p is separable if and only if its par- 
tial transposition is positive. The partial transposition of 
p is defined as 



^ijklpjikl\i)(j\ ® \k){l\, 



(12) 



where p = ^ijklPijkl\i){j\ ® After transformation, 

the reduced density operator of (B, C) is given as 



Pbc = \l- 



(13) 



The partial transposition of p' BC has only positive eigen- 
values 4, j, j, j. The result implies that there is no en- 
tanglement between B and C . In fact, before transforma- 
tion the reduced density operator of (B, C) is psc = \l- 
For any unitary operator U we always have 



Pbc = U + p B cU = p B c = jl, 



(14) 



1 

2^2 



i.e. there is no entanglement between B and C for arbi- 
trary unitary operator U . Notice that after transforma- 
tion, the quantum channels become 

|*') = ^(10000) + |0011) + |0101) + |0110) 

+ |1000) - 11011) + |1101) - \U10)) Ai a 2 bc 
(|00) + |10)) AlB ® (|00) + |11)a 3 c) 
(|01)-|ll)) AlB (8 (|01) + 110)^)]. 

Eq. (15) shows that \^>') is maximally entangled state of 
A\B and A2C. In other words, the function of Ubc is 
not to entangle (B,C) but (AiB,A 2 C). In some sense, 
Ubc is like a " lock" which prevents Bob and Charlie from 
recovering their quantum states separately. More surpris- 
ingly, the initial state of (A\,B) is maximally entangled, 
while after performing the unitary transformation U bc 
the reduced density operator p' AlB reads 



Pa x b - J 



10 10 
10-1 
10 10 
0-101 



(16) 



The partial transposition of p' A B has only nonnegative 
eigenvalues 0,0, 5, h. The result implies that the entan- 
glement of (Ai,B) has vanished. Similarly, the entan- 
glement of (A2,C) has also vanished. That is, A\B and 
A2C have no function of the quantum channels, after 
Ubc is applied on B and C particles. Alice can teleport 
\4>i) and |(/)2) to Bob and Charlie respectively due to the 
entanglement between AiB and A2C. 

It is worthy pointing out that "locking" the quantum 
channels can be completed by Alice. On the one hand, 
before distributing the entanglement pairs, Alice does the 
transformation U bc on the two qubits which will bc sent 
to Bob and Charlie, i.e. on qubits B and C. The advan- 
tage of which is that Bob and Charlie need not come 
together to lock the states. They only need to come 



3 



together at the time they want to unlock it. On the 
other hand, Alice may also make unitary operator Ua 1 a 2 
on qubits A\ and A 2 after distributing the entanglement 
pairs 



U Al A 2 ® /sc|(|0000) + |0101) + |1010> 
= ^ (|0000) + |0011) + |0101) + |0110) H 

- |1011) + |1101) -|1110)) Ai a 2 sc, 



where 



U Ai a 2 = 



V2 



1 

1 

1 
1 



3 1 
1 

D -1 
-1 



-\U11)) MMBC 

1 1000) 

(17) 



(18) 



It is straightforward to generalize the above protocol 
to n receivers who recover the quantum states simulta- 
neously. Suppose Alice wants to teleport \<j>i) to Bob i 
(i = 1,2, ... ,n), Alice and every receiver share an EPR 
pair denoted as 

\EPR)i = -L(|00) A4Bj +\ll) AiBi ),i = 1,2, ... , n. (19) 

The steps in this case are similar to that of two receivers. 



It is only necessary to replace locking operator Ub 1 b 2 
and unlocking operator U BiB2 by unitary operator 



U Bl B 2 -B n =n^ 2 (CNOT) SlSi if Bl 



(20) 



and Ug B 



B respectively. Here H Bl is a Hadmard op- 
erator on the qubit B\ . 

Without difficulty one can figure out the network for 
locking the n quantum channels, for saving space we do 
not depict it here. 

In summary, we present a simultaneous quantum state 
teleportation scheme, in which receivers can not recover 
their quantum state separately. When they want to re- 
cover their quantum states, they must perform a unlock- 
ing operator together. 
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